In this study, 35 black, oolong, and green tea samples from China were analyzed by inductively coupled plasma mass spectrometry after a digestion method was developed on the basis of a response surface methodology. Linear discriminant analysis of whole data sets was performed in order to discriminate and classify Chinese tea samples according to their origin and type. The analysis revealed an excellent separation between tea samples according to their type and origin with a discrimination efficiency of 100%. The varieties of selected elements in Chinese tea were analyzed based on their origins and types.
Introduction
Tea (Camellia sinensis L) is a highly popular nonalcoholic beverage consumed by over two-thirds of the world's population owing to its medicinal and refreshing effects (Karak and Bhagat 2010) . Since tea contains several essential nutrients and trace elements, drinking tea is considered beneficial for human health.
The presence of heavy metals at trace levels in tea has received much attention because they are directly related to health.
The efficacy of discriminating the geographical origin of teas is complicated by disparities in growing conditions such as soil and climate ). The attributes of tea according to its geographical origin are also often recognized and appreciated by the consumers. Therefore, the discrimination of tea according to its geographical origin is presently the focus of attention (Moreda-Piñeiro et al., 2003) . However, it is not easy to determine its geographical origin by sensory evaluation. On the other hand, since elemental composition can provide accurate information about the provenance (Cubadda et al., 2006) of a tea sample, it is possible to identify the origin of tea on the basis of its elemental composition.
In general, based on the different processing methods, teas are classified as: unfermented green tea (GT), fully fermented black tea (BT), and partially fermented oolong tea (OT), which are the most popular and frequently consumed teas in the world (Han et al., 2014) . The processing method used affects the concentrations of elements in the processed tea. Therefore, the discrimination of tea types based on elemental fingerprinting is very urgent and important.
Because of its low limit of detection (LOD) and multi-element measurement capability (Salomon et al., 2002) , inductively coupled plasma mass spectrometry (ICP-MS) is used in a number of food analysis laboratories for determining elements at trace and ultratrace levels (Walczyk 2001) . Therefore, ICP-MS is considered to be one of the most effective tools for determining the provenance of tea (Chudzinska et al., 2012; Herwig et al., 2011) . This technique has been employed for the determination of trace metals in olive oil (Llorent-Martínez et al., 2011) , honey (Chudzinska and Baralkiewicz 2011), tomato (Bressy et al., 2013) , and particularly in tea. The number of studies on the application of this technique to tea has increased in recent years (Chudzinska and Baralkiewicz 2011; Llorent-Martínez et al., 2012; Pilgrim et al., 2010) , but these studies only dealt with identifying the geographical origin of tea samples, and not with associating location with the types of tea.
Sample digestion is a critical step in most analytical methods for the routine determination of trace elements in food samples.
Many procedures have been developed to shorten analysis time and minimize problems associated with solid sample pretreatment, such as sample contamination and analyte loss (Korn et al., 2008) .
Digestion with an acid in combination with microwave irradiation has been a widely used method because it improves the efficiency of analysis and reduces or eliminates the risk of sample contamination or analyte loss (Chudzinska and Baralkiewicz 2011; De Blas Bravo et al., 2007; Llorent-Martínez et al., 2011) .
However, special instruments are required, such as a microwave digestion oven, which is not found in every laboratory. Therefore, the development of a simple digestion method such as using a heating plate is necessary.
In this paper, we first propose a sample pretreatment method for the quantitative analysis of 15 trace elements in tea samples by ICP-MS. Response surface methodology (RSM) is a particular set of mathematical and statistical methods to determine the optimum conditions and to predict targeted responses (Sharafat et al., 2002) .
To the best of our knowledge, our study is the first to apply RSM to the optimization of digestion conditions and to reveal the relationship among independent variables, such as heating time, temperature, and amount of liquid. Furthermore, we attempted to classify tea samples from China according to their geographical origin and type on the basis of mineral content, and to identify the markers that can be used for the authentication of Chinese tea.
Statistical pattern recognition techniques, such as linear discriminant analysis (LDA), were primarily used for whole data sets in order to identify and classify Chinese tea samples according to their corresponding origin and type. Seven elements (Al, Cr, Mn, Ni, Cu, As, and Pb) were selected because of their typical and representative features in tea and are discussed in detail in this paper.
Experiment
Samples and their origin A total of 35 samples of Chinese tea harvested in 2011 were purchased from a specific tea store in Hangzhou, China. The sample were wrapped individually and stored at room temperature (20℃) until use. They were crushed prior to measurement.
According to the zoning of agricultural development in China (Xu et al., 2006) , we divided Chinese tea-producing areas into three regions as follows ( Yunnan. The samples were classified into five groups: OT from SC (11 samples); BT from EC (3 samples); BT from MC (4 samples);
GT from EA (15 samples); and GT from MC (2 samples). Table S1 in Supplementary Material shows the specific information obtained by analyzing tea from the different areas of China and the types of tea.
Instruments and reagents A Spectro-MS ICP-MS (Spectro
Analytical Instruments, Kleve, Germany) system was used for simultaneous detection of multiple elements: sodium (Na), magnesium (Mg), aluminum (Al), calcium (Ca), vanadium (V), chromium (Cr), manganese (Mn), iron (Fe), nickel (Ni), copper (Cu), zinc (Zn), gallium (Ga), arsenic (As), selenium (Se), rubidium (Rb), strontium (Sr), silver (Ag), cesium (Cs), barium (Ba), lead (Pb), bismuth (Bi), thorium (Th) and uranium (U). The ICP-MS operating conditions are shown in Table S2 in Supplementary Material. A Millipore Milli-Q water purification system (Millipore, Molshem, France) was used for producing Milli-Q water. The mixed internal standard solution multipleelement custom assurance standard "XSTC-331" (Wako, Osaka, Japan) was used for calibration at a concentration of 1000 μg L _ 1 . Analysis by ICP-MS According to the parameters that were optimized by RSM in our previous studies, 10 ± 0.25 mg of each tea sample was weighed on an electric balance (GH-202, D = 0.01/0.1 mg, AND, Ibaraki, Japan), placed into a tube, and dissolved in 65% HNO 3 (Wako, Asaka, Japan; AnalR, sub-boiling quartz still redistilled) and digested using a block heater (DigiPREP CUBE digestion system; SCP Science, Baie D'Urfé, PQ, Canada).
NIES CRM
The digested solution was transferred into a 50 mL volumetric flask precleaned by soaking for 24 h in 10% nitric acid, washed with Milli-Q water, and air dried upside down. The tube was rinsed several times with Milli-Q water and the washings were also added to the flask. The solution was made up to 50 mL in a volumetric flask using Milli-Q water, and then transferred into a PTFE bottle for ICP-MS. was considered to indicate a statistically significant difference.
Statistical analysis

Results and Discussion
Equipment performance The concentrations of trace elements in 35 tea samples were determined by ICP-MS. A tea standard sample was analyzed to determine repeatability of the method performed ten times. Table S3 in Supplementary Material shows the validation results of the analysis method for trace elements in tea reference material. The relative standard deviations (RSDs %) for the studied elements were found to be < 5%. The LODs calculated as the axis cut point of the calibration line for all the trace elements ranged from 0.000399 μg L _ 1 (Cs: the lowest) to 3.95 μg L _ 1 (Ca: the highest).
Analysis of digestibility using manganese (Mn) in tea as an
indicator Mn is an essential element for humans and other animals. Tea may be regarded as a major source of dietary Mn.
However, it adversely affects the neurological system following its inhalation (Fernández-Cáceres et al., 2001) . Because of its impact on human health and its availability, Mn is the best-analyzed element in tea leaves (Karak and Bhagat 2010) . As the next step of our study, we employed RSM to determine the optimum conditions for digestion, using Mn as an indicator.
Development of regression model The conditions for digestion
were optimized using RSM, which is essentially a statistical method for designing experiments, building models, evaluating the effects of variables, and determining the optimum conditions of variables to predict targeted responses. to noise, the model is significant. Furthermore, testing the adequacy of the regression model is necessary (Song et al., 2011) . The "lack of fit" F value of 0.15 implies that the lack of fit is not significant relative to a pure error. There is a 92.39% chance that a lack of fit p value may occur owing to noise. Therefore, the insignificant lack of fit indicates that the model is adequate.
Interpretation of response surface models The relationship
between the responses and the experimental variables was illustrated graphically by plotting response values versus experimental factor values simultaneously. The 3D plots shown in Fig. 1 (A, B , C) can be used to assess the graphical interpretation induced an oxidative reaction (Araújo et al., 2002) LDA was used to construct models for discrimination of tea based on the concentrations of Na, Mg, Al, Ca, V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Ag, Cs, Ba, Pb, Bi, Th, and U, and according to their geographical origin and type.
On the basis of the results of the analysis, Ni and Mn concentrations were found to be the most important variables in the discrimination of tea samples. Fig. 2 shows the results of LDA.
The scatter plot of the samples against two first discrimination functions (function 1 vs. function 2) indicates that five groups of tea are separated. Using LDA, we found that the recognition capability for five groups of tea was highly satisfactory; 100% of the original groups were correctly classified. All the samples from the training and test sets were classified correctly. Analysis revealed strong discrimination among different plant types and various tea-producing regions. Therefore, these results showed that multi-element ICP-MS and a chemometrical approach is a robust, reliable, rapid method for discrimination and classification of tea samples on the basis of their type and also geographical origin. Table 2 .
Aluminum (Al) It has been reported that Alzheimer's disease (AD) is associated with Al in barely (Deng et al., 2000) . The Al content in tea was found to range from 445.93 mg kg _ 1 in GTEC to 1394.23 mg kg _ 1 in OTEC. OT showed the highest concentration of Al with a mean of 1394.23 mg kg _ 1 , which is significantly higher than that in the other tea groups (P value < 0.05). This observation can be explained by the fact that most of the oolong tea buds have a longer growth time and the leaves are much older than those of the other types of tea. Chenery (1955) suggested that the older tea leaves contain higher concentrations of Al than younger leaves. On the other hand, Matsumoto et al. (1996) reported that tea is one of the few plants that accumulates Al. Al salts present in tea garden soils dissociate at pH < 5.5 and produce Al 3+ in soil solution and form complexes with phosphate (AlPx) at the root surface of tea (Fung and Wong 2004) . From our results, both EC and SC tea (compared with black tea from different areas and green tea from different areas) showed no significant differences in Al concentration. This finding suggests that the Al content and pH of tea garden soil are not significantly different between EC and SC.
Chromium (Cr) Cr, which is an essential trace element for both humans and animals, is found in the environment, including air, water, and soil. Cr in tea is toxic and carcinogenic upon uptake.
However, Sofuoglu and Kavcar (2008) Gardea-Torresdey et al., 2004) . Ni is widely used in the industrial production of nickel compounds and alloys, which are used in instruments for tea manufacture (Kasprzak 2003 in tea is the machining process. The findings also revealed that Ni content in BT from MC was significantly higher (P < 0.05) than that from EC; Ni concentration in GT also showed the same tendency. This suggests that the geographical origin of tea underlies the differences in Ni content. It also suggests that the difference in Ni concentration in the same type of tea between EC and MC is mainly due to the foliar and soil applications of high Nicontent fertilizers and micronutrient supplements.
Copper (Cu) Copper (Cu) is an essential micronutrient for plants and humans, but it is also highly phytotoxic at high concentrations. Overconsumption of Cu from beverages is detrimental to human health as well; therefore, Cu in tea should be analyzed as a heavy metal impurity. The BT from EC and MC showed high mean Cu concentrations of 22.12 and 8.5 mg kg −1 , respectively. Generally, the source of Cu contamination is mainly the rolling machines with copper boards used at the twisting stage, and the contamination from these machines accounts for almost 90% of total copper contamination.
It was found that the Cu content of BT from EC was significantly higher (P < 0.05) than that from MC. Excluding manufacturing equipment as a source of Cu contamination, this difference might be explained by the differences in Cu concentration in air and soil. This indicates that the element concentrations in tea can be used to classify tea samples according to their geographical origin.
Arsenic (As) Arsenic is mutagenic, carcinogenic, and highly toxic. The concentration of As in tea leaves mainly depended on the tea cultivar and the As concentration in soil. The highest As content was found in BT from EC (1.20 mg kg −1 ) among all the tea sample groups; but this difference did not reach statistical significance (P > 0.05). Han et al. (2005) reported that the As concentration in tea was below the allowable limit of 1.68 mg kg −1 , which is also in agreement with our results. These findings suggest that the soil around EC and MC is not polluted by As.
Lead (Pb) Pb was identified as one of the most commonly occurring contaminants in the environment (Hafen and Brinkmann 1996) . Pb concentration in commercial tea leaves has been a concern to both consumers and producers. Analysis of Chinese tea samples indicated that the mean Pb concentration is in the range between 1.58 mg kg −1 for BT from EC and 2.17 mg kg −1 for OT from EC. OT from SC showed the highest Pb concentration (2.17 mg kg −1 ). The reason for these differences was explained by Natesan and Ranganathan (1990) , who reported that older tea leaves tend to contain higher concentrations of Pb than younger leaves.
Allowable limits for Pb have been established by the World
Health Organization (WHO) (2003) . The value is 5 mg kg _ 1 for Chinese tea. Our results indicated that the concentration of Pb in all Chinese tea samples was below the limit value, though there were significant differences among tea groups.
Plants can take up Pb from the soil, and under certain conditions Pb may accumulate at high concentrations in the leaves and other edible parts of the plant. For example, tea plants can take up Pb from the soil, and inevitably, a portion will be transported to the tea leaves. A comparison of different areas showed no significant difference in Pb content between EC and MC for the same tea type. It was revealed that the Pb concentrations in the soil of EC and MC were similar.
Conclusions
In this paper, we presented the results of our analysis of 23 elements in Chinese tea by ICP-MS in order to identify the authenticity markers, particularly in the context of geographical origin and tea type. The trace elements in 35 tea samples from
China were analyzed by ICP-MS.
(1) We were the first to use RSM to reveal the optimum conditions for digestion, as follows: heating time of 6.1 h, heating temperature of 132.3℃, and liquid amount of 1.6 mL.
(2) LDA showed a highly satisfactory recognition capability for five classes of tea; 100% of the original groups were correctly classified.
(3) The OT group showed higher concentrations of Al, Mn, and
Pb than the other groups, suggesting that most of the oolong tea buds had a longer growth time and the leaves were much older than the other types of tea.
(4) The methods used for processing as well as the storage methods for teas used could be contributory factors to the variations of Cr, Ni, and Cu contents.
(5) Ni mainly originates from the foliar and soil applications of low-quality fertilizers and micronutrients.
However, the number of samples used in this study is insufficient for establishing genuine chemometrics models of tea. A large number of samples will be collected for further investigation. The influence of factors such as annual variation and cultivar also need further exploration. a: Special name in China is the traditional Chinese name; also includes information on the different grades . Grade A tea is higher quality than grade B. 
